We studied the evolution of allelic losses on chromosome 5 by whole-organ histologic and genetic mapping in 234 mucosal DNA samples of 5 cystectomy specimens with invasive bladder cancer and preneoplastic changes in adjacent urothelium. The frequency of alterations in individual loci was verified on 32 tumors and 29 voided urine samples from patients with bladder cancer. Finally, deleted regions on chromosome 5 were integrated with the human genome contigs and sequence-based databases. Deleted regions on chromosome 5 involved in intraurothelial phases of bladder neoplasia defined by their nearest flanking markers and predicted size were identified as follows: q13.3-q22 (D5S424-D5S656; 38.8 centimorgan [cM]); q22-q31.1 (D5S656-D5S808; 19.2 cM), q31.1-q32 (D5S816-SPARC; 11.5 cM), and q34 (GABRA1-D5S415; 6.4 cM). The two most frequently deleted neighbor markers (D5S2055 and D5S818) mapping to q22-q31.1 defined a 9 cM region, which may contain genes that play an important role in early phases of urinary bladder carcinogenesis. Human genome database analysis provided an accurate map of deleted regions with positions of 138 known genes and revealed several smaller gene-rich areas representing putative targets for further mapping. The strategic approach presented here, which combines whole-organ histologic and genetic mapping with analysis of the rapidly emerging human genome sequence database, facilitates identification of genes potentially involved in early phases of bladder carcinogenesis. (Lab Invest 2001, 81:1039 -1048.
C
ancer develops via multiple, cumulative steps, many of which precede the development of clinically and even microscopically recognizable disease. Mapping and human genome sequence analysis of chromosomal regions involved in clinically occult preinvasive phases of neoplasia may provide valuable clues for more specific studies of early events in human carcinogenesis and could lead to the development of novel early detection markers as well as preventive strategies.
We have previously reported the identification of several putative tumor suppressor gene loci involved in early preinvasive phases of human urinary bladder carcinogenesis (Chaturvedi et al, 1997; Czerniak et al, 1999 Czerniak et al, , 2000 . Bladder tumors were used as a common model of human cancer, which develops by progression of microscopically recognizable in situ precursor conditions, and are easily accessible by various minimally invasive or noninvasive techniques (Gazdar and Czerniak, 2001; Greenlee et al, 2000) . The entire mucosal surface of the bladder can be examined by cystoscopy and biopsies with minimal risk for the patient, and exfoliated urothelial cells can be repeatedly tested for various alterations in voided urine at no risk at all (Gazdar and Czerniak, 2001) . Moreover, the simple anatomy and appropriate size of the bladder permit the histologic and genetic mapping studies of invasive cancer and preneoplastic lesions in the entire mucosa of cystectomy specimens. The whole-organ histologic and genetic mapping combined with powerful statistical algorithms, such as the nearest neighbor and binomial maximum likelihood analyses, was previously shown to be efficient in identifying early genetic hits associated with clonal expansion of urothelial cells in preinvasive phases of bladder neoplasia (Chaturvedi et al, 1997; Czerniak et al, 1999 Czerniak et al, , 2000 .
Here, we report the results of our studies of the development and evolution of losses of genetic material on chromosome 5 in relation to the progression of bladder neoplasia from preneoplastic conditions to invasive cancer, and we relate the deleted regions on chromosome 5 defined by hypervariable markers to more accurate human genome sequence-based maps. Allelic losses on chromosome 5 were studied in multiple DNA samples from cystectomy specimens with invasive bladder cancer and microscopically recognizable preneoplastic changes in adjacent urothe-lium. The markers with statistically significant alterations related to progression of neoplasia from intraurothelial lesions to invasive carcinoma were tested on multiple tumor and voided urine samples of patients with bladder cancer corresponding to different pathogenetic subsets, grades, and stages of the disease. Using this approach we have identified four distinct regions of chromosome 5 that were involved in preinvasive phases of bladder neoplasia and documented that a 9 centimorgan (cM) deleted region mapping to q22-q31.1 exhibited allelic losses in a high proportion of bladder tumors regardless of their pathogenetic subset, grade, and stage. Moreover, allelic losses in this region could be also detected in a high proportion of voided urine samples of patients with bladder cancer. Finally, the deleted regions defined by hypervariable markers were related to more accurate physical maps and bacterial artificial chromosome (BAC) contigs, which enabled the analysis of rapidly emerging human genome sequence databases. The genome sequence analysis of deleted regions provided data on the positions of 138 known genes and revealed several smaller expressed sequence tags (EST) and gene-rich areas as putative targets for further mapping of pathogenetically relevant genes.
Results

Whole-Organ Histologic and Genetic Mapping
The initial testing of paired normal and tumor DNA samples from the same patient identified loss of heterozygosity (LOH) in 12 of 38 hypervariable markers. No expansion or shortening of repetitive sequences was identified. None of the cystectomy specimens showed evidence of continuous allelic losses involving large portions of chromosome 5 or complete loss of the entire chromosome, precluding precise mapping of smaller regions. The list of tested markers, their alterations, and chromosomal locations is provided in Figure 1 .
Testing of markers with LOH on multiple mucosal samples of the same cystectomy specimen always revealed a loss of the same allele, suggesting a clonal relationship among cells from individual mucosal samples (Fig. 2) . By superimposing distributions of LOH in individual loci over the histologic maps, we identified two basic distribution patterns of LOH involving bladder mucosa: scattered and plaque-like (Fig. 2) . Some of the plaque-like alterations involved large areas of bladder mucosa with various precursor conditions and even some adjacent areas of morphologically normal urothelium. Such patterns of mucosal involvement implied that LOH occurred early in the development of urothelial neoplasia, even before microscopically recognizable preneoplastic conditions developed. However, smaller plaques of LOH, restricted to areas of severe dysplasia/carcinoma in situ or invasive cancer, represented late hits associated with progression to the invasive phenotype.
Three-dimensional patterns of LOH in individual chromosome 5 loci in relation to progression of neoplasia from precursor conditions to invasive cancer were generated by nearest neighbor analysis. None of the mucosal areas with LOH was rejected by the nearest neighbor algorithm, indicating that scattered foci of alterations were in fact located within the larger field change in which other regions of chromosome 5 showed LOH.
For a binomial maximum likelihood analysis, the intraurothelial precancerous conditions were classified into two groups: low-grade intraurothelial neoplasia (mild to moderate dysplasia, LGIN) and high-grade intraurothelial neoplasia (severe dysplasia and carcinoma in situ, HGIN). Analysis of logarithm of odds (LOD) scores showed that the markers exhibiting LOH with a statistically significant relationship to the development and progression of urothelial neoplasia were clustered in a large, approximately 70 cM, 5q13.3-q32 region containing several smaller discontinuous areas of allelic losses involving 5q13.3-q22, 5q22-q31.1, and 5q31.1-q32. The deleted regions, defined by their flanking markers and their predicted size as well as the list of markers within these regions with LOH, are shown in Figure 1 . The allelic losses within the region 5q13.3-q22 showed LOH of a marker D5S421 associated with the development of LGIN, which also could be identified in the adjacent areas of microscopically normal urothelium, implicating its involvement in early phases of urothelial neoplasia antecedent to the development of microscopically recognizable preneoplastic conditions. The remaining markers (D5S428, D5S346, and a marker located within the APC gene) mapping to the same region showed LOH in later phases of urothelial neoplasia associated with the development of HGIN progressing to invasive bladder cancer. The adjacent minimally deleted region within the 5q22-q31.1 involved four markers: MCC, D5S659, D5S2055, and D5S818. The marker D5S659 showed allelic losses associated with the development of LGIN. The three remaining markers mapping to this region developed LOH in the late phases of urothelial neoplasia, ie, HGIN progressing to invasive carcinoma. An additional smaller region of deletions was found in 5q31.1-q32 and involved markers located within the IRF1 and CSF1R genes. The allelic losses within the CSF1R and IRF1 genes were identified in association with development of LGIN. A separate deleted region mapping to 5q34 involved marker D5S1465, which revealed LOH in association with the development of HGIN progressing to invasive carcinoma.
Frequency of Allelic Losses on Chromosome 5 in Bladder Tumors and Voided Urine Samples
Markers showing LOH with a statistically significant relationship to the progression of urinary neoplasia, which clustered in four distinct chromosomal regions including their nearest nonaltered flanking markers, were tested on 37 tumors and 29 voided urine samples of patients with bladder cancer and paired nontumor DNA from peripheral blood lymphocytes (Table  1) . LOH of at least one marker could be identified in Kram et al Whole-organ histologic and genetic mapping of deleted regions on chromosome 5 involved in progression of human bladder neoplasia from preneoplastic intraurothelial lesion to invasive cancer. A, Genetic map of chromosome 5 with a list of tested markers and their distances. Chromosomal locations are provided for altered markers only. All the markers were positioned on the map according to the Cooperative Human Linkage Center map (version 4.0). Asterisks on the right side of the markers indicate statistically significant association between an altered marker and urothelial neoplasia as established by logarithm of odds (LOD) scores. Bars on the left side of the chromosomal vector identify the deleted regions associated with the development and progression of urothelial neoplasia. The regions of allelic losses defined by the nearest nonaltered flanking markers and their predicted size in centimorgans (cM) are as follows: 5q13.3-q22 (D5S424 -D5S656, 38.8 cM), 5q22-q31.1 (D5S656 -D5S808, 19.2 cM), 5q31.1-q32 (D5S816 -SPARC, 11.5 cM), and 5q34 (GABRA1-D5S415, 6.4 cM). The relationship of markers with loss of heterozygosity (LOH) to various phases of neoplasia is provided in the LOD score table shown in B. (cM, centimorgans; WOHGM, whole-organ histologic and genetic mapping of individual cystectomy specimens consecutively numbered 1 through 5. ⅜, nonaltered marker; q, markers with LOH; л, noninformative marker.) B, Summary of binomial maximum likelihood analysis testing the relationship among LOH in individual chromosome 5 loci and progression of urothelial neoplasia from in situ precursor conditions to invasive transitional cell carcinoma (TCC). Cumulative LOD scores for markers with LOH were calculated at variable ϭ (0.01, 0.5, and 0.99) and tested against Tmax. The significance of allelic losses in individual loci was analyzed for normal urothelium (NU), low-grade intraurothelial neoplasia (LGIN), high-grade intraurothelial neoplasia (HGIN), and TCC. To simplify the data, stringency 1 calculations are presented only. The patterns of significant LOD scores are as described in "Materials and Methods." Note that significant patterns of LOD scores typically parallel the high Tmax values. (⅜, LOD score Ͻ3; q, LOD score Ն3.) 38.4% of informative tumors and 58.6% of informative voided urine samples. The highest frequency of LOH in both tumor and voided urine samples was found in region mapping to 5q22-q31.1 and could be identified in 27.0% and 27.5% of cases, respectively. The second most frequently deleted region mapping to 5q13.3-q22 showed LOH in approximately 24% of tumor and voided urine samples. In two remaining loci mapping to 5q31.1-q32 and 5q34, the allelic losses in both tumor and voided urine samples could be identified in 18% or fewer of the cases. The statistical analysis of frequency of LOH in individual loci and minimally deleted regions on chromosome 5 have shown that none of the LOH could be related to specific pathogenetic subsets, histologic grade, or stage of the tumor (data not shown). Although, the allelic losses within 5q13.3-q22 were the most frequent, the markers with LOH mapping to this area did not form a distinct narrow region of allelic losses. On the other hand, the two neighbor markers, D5S2055 and D5S818, mapping to 5q22-q31.1 defined a distinct region of allelic losses that could be identified in 21.6% and 27.5% of bladder tumor and urine samples, respectively. Thus, the minimally deleted region flanked by markers D5S659 and D5S808, spanning approximately 9 cM, may contain tumor suppressor genes with important roles in urinary bladder carcinogenesis.
Analysis of Contigs and Genome Sequence Databases Spanning the Deleted Regions
The analysis of human genome contig and sequencing databases spanning the deleted regions on chromo- Assembly of whole-organ histologic and genetic maps. A, An example of a marker tested on multiple mucosal samples from the cystectomy specimen (Map 5). Marker IRF1 shows LOH in samples corresponding to TCC (Samples 4, 15, and 16) as well as in samples exhibiting changes consistent with LGIN (Samples 13, 19, 22, and 27) and HGIN (Samples 2, 3, (5) (6) (7) (8) (9) (10) (11) (12) 14, 17, 18, 20, 21, 23, 24, 26, (28) (29) (30) (31) (32) (33) (34) (35) . Sample 1 represents allelic patterns of the same marker from peripheral blood of the same patient and serves as a control. The presence of LOH in all samples was confirmed by densitometry and is expressed as an OD ratio below each sample. OD Ͻ 0.5 is indicative of LOH. B, Example of chromosome 5 allelic losses in a single cystectomy specimen (Map 5) with invasive nonpapillary urothelial carcinoma assembled by nearest neighbor analysis. The vertical axis represents a chromosome 5 map with positions of markers and their chromosomal locations. Only altered markers are shown. The shaded blocks represent areas of urinary bladder mucosa with LOH as they relate to progression of neoplasia presented by a histologic map of cystectomy in the background. Note that several markers, including IRF1, show LOH in a form of a plaque involving a large area of urinary bladder mucosa. The code for a histologic map is shown in C. C, Examples of LOH distributions superimposed on a histologic map of cystectomy specimen (Map 5). Markers D5S346 and IRF1 show a plaque-like LOH involving almost the entire urinary bladder mucosa. Marker D5S1465 shows LOH involving a smaller area of urinary bladder mucosa located within a larger plaque of LOH that involved markers D5S346 and IRF1. Open boxes delineated by lines indicate areas of urinary bladder mucosa with alterations in a given locus. The background-shadowed area represents a histologic map of cystectomy specimen depicting distribution of various intraurothelial precursor conditions and TCC. Histologic map code: NU, normal urothelium; MD, mild dysplasia; MdD, moderate dysplasia; SD, severe dysplasia; CIS, carcinoma in situ; TCC, invasive transitional cell carcinoma.
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some 5 is summarized in Figure 3 . The four deleted regions on chromosome 5 contain 138 known genes. In addition, multiple EST were assigned to individual deleted regions identifying several smaller gene-rich areas. The most frequently deleted region mapping to 5q22-q31.1 contained areas with high densities of EST and known genes, some of them with putative tumor suppressor activities, further supporting a concept of its potential pathogenetic relevance for bladder carcinogenesis.
Discussion
The strategy of whole-organ histologic and genetic mapping permitted us to analyze the relationships between genetic alterations in continuity with disease progression from morphologically normal urothelium through microscopically recognizable in situ precursor lesions to invasive cancer throughout the entire cystectomy specimen. Using this approach, we identified a large 5q13.3-q32 region of allelic losses that contained several smaller discontinuous deleted areas mapping to 5q13.3-q22, 5q22-q31.1, and 5q31.1-q32. It turned out that regions mapping to 5q13.3-q22 and q22-q31.1 were most frequently altered and could be identified in approximately 24% of bladder tumors and 27% voided urine samples. The two neighbor markers (D5S2055 and D5S818) mapping to 5q22-q31.1 define a distinct 9 cM region involved in intraurothelial phases of bladder neoplasia and could be identified in a significant proportion of bladder tumors and voided urine samples of patients with bladder cancer. Thus, this region may contain genes that play an important role in early phases of urothelial neoplasia and its progression to invasive disease.
To provide more detailed information on the chromosome 5 target loci involved in bladder carcinogenesis, we compared the positions of markers defining the deleted regions with those used to generate the most recent version of GeneMap'99. We hoped to find the new positions for markers based on physical map data and identify the nearest substitutes for those markers that were not present on the radiation hybrid panel-based physical map produced by the International Radiation Hybrid Mapping Consortium. The resulting computational analysis of the DNA sequences in the target regions allowed us to identify several smaller areas with high known gene and EST densities, which provided additional clues to potential pathogenetic relevance of the loci for bladder carcinogenesis. It should be noted that these data represent a snapshot of genome resources available at the moment. The rapidly expanding human genome sequence-based databases and their attendant informatic resources will necessitate a constant redrawing of the picture presented in this communication.
The original histologic mapping studies of cystectomy specimens containing bladder cancer and intraurothelial precursor conditions in adjacent mucosa were performed approximately two decades ago. These studies provided the foundation for the generally accepted dual-track concept of urinary bladder carcinogenesis. It postulates that bladder tumors develop via two distinct pathways, one leading to the development of papillary tumors and the other to nonpapillary tumors (Czerniak and Herz, 1995; Koss et al, 1974) . Nearly 80% of bladder tumors are superficial papillary lesions that originate from flat hyperplastic lesions. In contrast, invasive nonpapillary bladder cancers typically present in a patient without a history of superficial lesions and represent a progression of severe dysplasia or flat transitional carcinoma in situ. The distinct pathogenesis of papillary and nonpapillary bladder tumors has been addressed more recently in several molecular studies (Simoneau and Jones, 1994; The distinct region of allelic losses mapping to 5q22-q31.1 defined by the two neighbor markers (D5S2055 and D5S818) is identified by a solid vertical bar followed by a combined % of LOH for these markers. Summary of physical map analysis spanning the deleted regions of chromosome 5 performed as described in "Material and Methods." Original markers and substitutes for markers with LOH based on the closest proximity were placed on the Genethon map and were repositioned on the GB4 radiation hybrid panel-based physical map. The new positions for the Genethon markers with LOH, as well as flanking markers on the GB4 map, were identified by electronic PCR search of bacterial artificial chromosome (BAC) contigs. In addition, multiple alternative markers based on their proximity to markers with LOH were identified and added to the map. The original Genethon markers with LOH are shown in red. All other substitute and flanking markers are printed in black. In addition, average expressed sequence tag (EST) density for regions flanked by individual markers placed on the GB4 map and a list of 138 known genes mapping to the target regions are shown. To simplify the diagram, contig data used for this analysis are not provided. More complete data with alternative positions of the genes can be obtained from our Web site: http://www.mdanderson.org/bladdergenomicmaps. (cM, centimorgan; cR, centiray) Spruck et al, 1994 ). It appears that the low-grade, superficially growing, papillary tumors exhibit fewer chromosomal and molecular abnormalities than highgrade invasive carcinomas (Dalbagni et al, 1993; Simon et al, 1998) . Typically, they are characterized by trisomies of chromosomes 1 and 7 and monosomies of chromosome 9. High-grade nonpapillary tumors however, develop multiple chromosomal rearrangements, deletions, and amplifications involving chromosomes 3, 11, 13, 17, 18, and 22 (Czerniak et al, 2000; Rosin et al, 1995; Takahashi et al, 1998) . These tumors also frequently show alterations of major tumor suppressor genes such as p53 and Rb, as well as the genes of their regulatory pathways.
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Several putative tumor suppressor gene loci mapping to chromosome 5 have been implicated in the development of common epithelial human malignancies, including urinary bladder cancer (Bohm et al, 1997; Gorgoulis et al, 2000; Hejlik et al, 1997; Luft et al, 1999; Nozawa et al, 1998; Onuki et al, 1999; Saran et al, 1996) . Early karyotyping studies identified deletions and amplifications of both arms of chromosome 5, suggesting the involvement of several genes in human bladder carcinogenesis (Atkin and Fox, 1990; Gibas et al, 1986; Klingelhutz et al, 1991) . More recent studies using comparative genomic hybridization and hypervariable markers have identified three distinct regions on chromosome 5 as being involved in the progression of urinary bladder cancer (Bohm et al, 1997; Koo et al, 1999; von Knobloch et al, 2000; Voorter et al, 1995) . An area mapping to chromosome 5p between markers D5S1473 and D5S819 was commonly amplified, and two distinct allelic regions were deleted in 5q22-q23 and 5q33-q34 (von Knobloch et al, 2000) .
Our current studies provide evidence that a distinct tumor suppressor gene locus mapping to 5q22-q31.1 may be involved in the progression of bladder neoplasia from precursor conditions to invasive cancer. Given the large size of this locus (9 cM), the task of identifying pathogenetically relevant genes in this area is extremely complex, time consuming, and not always successful if conventional positional cloning strategies are used. However, with the advent of novel BAC-based DNA microarray technologies, rapid mapping of large deleted or amplified regions spanning several cM becomes feasible (Lucito et al, 2000; Pollack et al, 1999) . Our data should lead to the identification of novel genes involved in clinically occult preinvasive phases of human bladder carcinogenesis. Such genes could serve as markers for early detection of bladder cancer and be used for risk assessment in population-based studies.
Materials and Methods
Whole-Organ Histologic and Genetic Mapping
Radical cystectomy specimens from five patients with previously untreated sporadic high-grade invasive transitional cell carcinoma (TCC) of the bladder were used for the whole-organ histologic and genetic mapping as previously described (Chaturvedi et al, 1997; Czerniak et al, 1999 Czerniak et al, , 2000 . All patients were men, and their ages ranged from 47 to 78 years (mean ϭ 66.4 Ϯ 11.9 years SD).
In brief, each fresh cystectomy specimen was opened longitudinally along the anterior wall of the bladder and pinned down to a paraffin block. The entire mucosa was than divided into 1 ϫ 2 cm rectangular samples and evaluated microscopically on frozen sections. The tissue of interest was microdissected from the frozen block and used to prepare a urothelial cell suspension by mechanically scraping the urothelial mucosa or gently shaking invasive tumor samples. Only those specimens that yielded more than 90% of microscopically recognizable intact urothelial or tumor cells in each sample were accepted for the study and used for DNA extraction. This procedure provided 49, 39, 65, 42, and 39 DNA samples from each cystectomy specimen that corresponded to microscopically identified intraurothelial precursor conditions or invasive carcinoma. As a control, DNA extracted from the peripheral blood lymphocytes and/or from normal tissue in the resected specimen of each patient was used.
The intraurothelial precancerous changes were classified as mild, moderate, and severe dysplasia or carcinoma in situ. The tumors were classified according to the three-tier histologic grading system of the World Health Organization (Mostofi, 1999) . The growth pattern of papillary versus nonpapillary or solid tumors and the depth of invasion were also recorded. In four of the five cystectomy specimens, a single focus of Grade 3 nonpapillary urothelial carcinoma invaded the muscularis propria and was accompanied by extensive precancerous lesions ranging from mild dysplasia to carcinoma in situ. In the remaining case, multiple foci of carcinoma were present. One focus represented a Grade 3 nonpapillary urothelial carcinoma with transmural invasion of the bladder wall and involvement of perivesical adipose tissue. Two additional foci of carcinoma represented Grade 3 papillary urothelial carcinoma without invasion. Like the other four cases, this case exhibited changes ranging from mild dysplasia to carcinoma in situ over extensive areas of the urinary bladder mucosa. The results of microscopic evaluation of individual samples from five cystectomy specimens were recorded and stored in a computer database as histologic maps.
Tumors and Voided Urine Samples of Patients with Bladder Cancer
The markers of chromosome 5 that were identified as significantly altered by the whole histologic and genetic mapping were tested in 37 tumor and 29 voided urine samples. The tumors were classified according to the three-tier histologic grading system of the World Health Organization (Mostofi, 1999) . The growth pattern, tumor grade, and depth of invasion were also recorded. Levels of invasion were recorded according to the tumor node metastasis (TNM) staging system (Sobin and Wittekind, 1997) . DNA was extracted from individual bladder tumors and sediments of voided urine samples as previously described (Chaturvedi et al, 1997) . For controls, DNA was also extracted from the peripheral blood lymphocytes and/or normal tissue in the resected specimens from each patient.
Microsatellites
A set of primers for 38 microsatellite loci on chromosome 5 based on the integrated sex-averaged microsatellite map from Genethon (version: March 1966) and updated by Cooperative Human Linkage Center (version 4.0) was obtained from Research Genetics (Huntsville, Alabama). The markers selected for testing exhibited high levels of heterozygosity and uniform distribution covering all regions of chromosome 5. Figure 1 lists hypervariable markers and their positions on chromosome 5. The allelic patterns of markers were resolved on 6% polyacrylamide gels after their amplification using polymerase chain reaction as previously described (Chaturvedi et al, 1997) . A minimum 50% reduction in signal intensity was required to be considered as evidence of LOH. Tests with questionable results were repeated. In such cases, the densitometric measurements were performed to ensure objective reading of the data. Testing of markers was performed in two steps. Initially, all markers were tested on paired normal and tumor DNA samples. This revealed LOH in 12 markers, which were tested on all mucosal DNA samples by whole-organ histologic and genetic mapping.
Analysis of LOH Data
The data were organized and analyzed as previously described (Chaturvedi et al, 1997; Czerniak et al, 1999 Czerniak et al, , 2000 . In brief, the information on LOH in individual loci was entered into the data files and superimposed over the histologic maps. Initial data consisted of chromosomal vectors with a list of LOH in individual loci and coordinates for locations of mucosal samples, which could be used to plot the distribution of LOH to microscopically classified urothelial changes. By superimposing plots of LOH over the histologic maps, we identified the areas of bladder mucosa with altered markers and analyzed their relationship to intraurothelial precursor conditions and invasive cancer. Three-dimensional displays of LOH in relation to the progression of neoplasia from precursor intraurothelial conditions to invasive cancer were generated and initially analyzed by the nearest neighbor algorithm (Hartigan, 1975) .
The relationship between altered markers and the progression of urothelial neoplasia from precursor conditions to invasive cancer was tested by a binomial maximum likelihood analysis, and the significance of the relationship was expressed as a LOD score (Ott, 1991) . We chose LOD scores because they represent a powerful method of likelihood analysis that can verify the statistical significance of the relationship among patterns of sequential events. The LOD scores were applied in their generic mathematical sense as likelihood tests of events, not as in their common use to test the linkage in familial disorders with meiotic segregation of the phenotype at a recombination fraction ϭ 0.5. In sporadic cancer, when microscopically defined stages of cancer progression are used as standards of sequential events and there is a mitotic transmission of the phenotype, the null hypothesis is more appropriately verified at a recombination factor differing from 0.5. Hence, cumulated LOD scores were calculated at variable ϭ 0.01, 0.5, and 0.99. A pattern of LOD scores Ն3 at ϭ 0.01 or ϭ 0.99, and LOD scores Ͻ3 at ϭ 0.5 for the same marker, was considered significant. The strongest association between altered marker and neoplasia was when a LOD score was Ն3 and ϭ 0.99 and 0.5, and Ͻ3 at ϭ 0.01. Stringency 1 designated LOD scores for specific stages of neoplasia. Stringency 2 designated LOD scores for progression to higher stages of neoplasia. The analysis of the relationship among LOH in individual loci and various clinicopathological parameters of tumors and of voided urine samples was tested by Gehan's generalized Wilcoxon, and log-rank tests (p Յ 0.05 was considered significant).
Analysis of Contigs and Human Genome Sequence Databases Spanning the Deleted Regions
The initial resource available for the whole-organ histologic and genetic mapping of deleted regions on chromosome 5 consisted of a list of hypervariable markers based on integrated sex-averaged microsatellite maps from Genethon and the Cooperative Human Linkage Center. However, human genome sequence-based databases with more accurate physical maps become available during our studies. Thus, to relate our data to sequence maps of the human genome, we initially looked for overlap between the original sets of markers which defined the deleted regions and those used to generate the current version of GeneMap'99 (http://www.ncbi.nlm.nih.gov/ genemap99/). This resource represents the most complete melding of the microsatellite-based genetic map data from Genethon (http://www.genethon.fr/) with the GeneBridge 4 (GB4) and Stanford G3 radiation hybrid panel-based physical map produced by the International Radiation Hybrid Mapping Consortium (http://www.ncbi.nlm.nih.gov/genemap99/page.cgi?F ϭConsortium.html).
Although some of the original Marshfield sexaveraged markers defining the deleted regions can be found in GeneMap'99, substitutes for those not found were proposed primarily because of their physical proximity. The resources used for these substitutions included the "Golden Path" Genome Browser (http:// genome.ucsc.edu/), containing the whole-genome fingerprint map from Washington University (http:// genome.wustl.edu/gsc/human/human_database.shtml), the sequence-based mapping tools at the Ensembl website produced at the European Bioinformatics Institute (http://www.ensembl.org/), and the integrated MapViewer browser from the National Center for Biotechnol-ogy Information (NCBI) (http://www.ncbi.nlm.nih.gov/ cgi-bin/Entrez/hum_srch?chrϭhum_chr.inf&query). These same resources, together with NCBI's LocusLink (http://www.ncbi.nlm.nih.gov/LocusLink/), were used to scan the marker-defined deleted regions for both known genes and EST clusters based on Unigene (http:// www.ncbi.nlm.nih.gov/UniGene/Hs.Home.html). The Baylor College of Medicine Search Launcher (http:// www.hgsc.bcm.tmc.edu/SearchLauncher/) provided the portal and integration for these links.
After reorientation of contigs and sequence databases, multiple electronic PCR searches were performed to find and relocate the original set of markers on the GB4 and sequence maps. As a general rule, we attempted to locate the original markers and substitute GB4 markers within a single BAC clone. Because, in the majority of instances, complete continuous sequences of BAC clones were not available yet, it was impossible to find the exact order of paired original and substitute markers within the target BAC clone. When the original and substitute markers were not located within the same BAC clone, the most proximal substitute markers within the contigs spanning the analyzed regions were provided.
